Abstract To use highly resistive material for Kinetic Inductance Detectors (KID), new designs have to be done, in part due to the impedance match needed between the KID chip and the whole 50 Ω readout circuit. Two new hybrid designs, with an aluminum throughline coupled to titanium nitride microresonators, have been tested experimentally and compared to a similar TiN-only design. With the hybrid designs, parasitic temperature dependent box resonances are absent. The dark KID properties have been measured in a large set of resonators. A surprinsingly long lifetime, up to 5.6 ms is observed in a few KIDs, giving rise to a minimum electrical Noise Equivalent Power of 4.4 × 10 −20 W √ Hz.
Introduction
The use of highly resistive material for Kinetic Inductance Detectors is promising because it is expected to increase their responsivity through the high kinetic inductance L s and allow a more efficient direct optical coupling [1] . To make KIDs based on highly resistive materials, one needs to adapt the microwave design typically used for aluminium KIDs. A KID chip consists essentially of multiple resonators coupled to a microwave throughline, which is connected to the readout electronics. The throughline has a characteristic impedance Z 0 which must match the 50 Ω impedance of the readout circuit: a mismatch is expected to be at the origin of losses in the transmission and box resonances at the origin of parasitic dips. Z 0 depends in part on the surface inductance L s , which is related to the resistivity ρ of the metallic film. A 100 nm thick Al film has typically L s ∼ 0.1 pH, whereas L s ∼ 44 pH for the TiN film used in this study. The Z 0 variations due to the increase of L s can be determined using SONNET electromagnetic 2D simulations. For a typical throughline on silicone substrate having a central line width s = 10 µm and a gap width w = 6 µm, Z 0 ≈ 53 Ω for Al, whereas for L s = 40 pH, Z 0 becomes frequency dependent, with a mean value at ≈ 180 Ω.
To solve the problem of impedance mismatch, we have tested the option of an hybrid design, with a throughline in aluminum to read the TiN resonators. Two slightly different designs have been made and measured: the transmission obtained is close to the lossless transmission.The dark KID properties have been studied on a large number of resonators and the best NEP measured is as low as 4.4 × 10 −20 W √ Hz.
Method
The three designs used for this study are shown in Fig. 1 All designs have a 2 cm length straight throughline, with a central line s = 10 µm and a gap width w = 6 µm. The throughline is surrounded by 16 half waves meandered CPW resonators, having a 3 µm central line width, a 2 µm gap and a length between 3.1 and 4.5 mm. The length sets the resonance frequencies, which we want to be between 4 and 9 GHz to match with our setup specifications. It takes into account the geometrical inductance L g but also the frequency shift f exp /f g due to the kinetic inductance L s . The resonators are capacitively coupled to the throughline via a T shaped coupler. The coupling length set the coupling quality factor Q c of each resonator, which is related to the measured (loaded) quality factor Q by the relation
. The internal quality factor Q i is not known a priori so the coupling lengths are between 70 µm and 560 µm corresponding to Q c between 6 × 10 3 and 3 × 10 6 . In the Duo design, the TiN and Al groundplanes are separated near the throughline by a gap, to avoid the presence of a possibly dirty interface close to the coupler, which might create some excess noise in the KID transmission [3] . Ideally, the Al groundplane width on both sides of the throughline should be as large as its central line and gaps, to avoid any effect of the TiN groundplanes on Z 0 . But this implies a larger distance between throughline and resonators, thereby reducing Q c . To minimize the effect of the TiN groundplanes keeping the desired coupling, the Al groundplane width has been set at 4 µm near the resonators and the TiN groundplanes have been reduced to rectangle of 700 µm width separated by 1300 µm Al groundplanes. The 50 nm thick TiN film has been produced by magnetron sputtering onto a highly resistive silicon substrate, with a N 2 /Ar flow rate of 3.58/30 and patterned using standard contact lithography and dry etching with an SF6/Ar gasmixture. This is followed by deposition of a 100 nm Al film which is patterned using wet etching. The TiN film has been characterized by XPS depth profiling and XRD: except on the top 1 nm layer, the film is contaminant free under the sensitivity of 0.5 at% and the (111) and (200) crystallographic orientations are present, giving rise to diffraction peaks of similar amplitudes. Resistivity measurements have been made at low temperature on 2 different chips: ρ ≈ 130 µΩcm for both measurement but the superconducting transition has been seen at 0.8 K on the first chip and 1.1 K on the second. This discrepancy is unlikely due to the film quality according to the XPS results and may come from the high T c dependence of TiN with nitrogen content, especially around T c = 1 K. Indeed, T c = 1.5 K has been measured in another TiN film from the same source and same quality, the only difference between the two films was a change of 10 −3 in the ratio of N2/Ar flow rate used during the deposition. The chips used in this study were located, on the wafer, near the first chip having T c = 0.8 K which will be used for the following analysis. The superconducting gap ∆ = 125 µeV is determined from the relation ∆ = 1.81 k B T c [4] . The kinetic inductance L s ≈ 44 pH is estimated using the relation L s ≈hρ/π∆t [1] with t the film thickness. All chips have been measured with the same setup, during separate cooldowns. The chip measured is mounted on a sample holder cooled at 100 mK in an adiabatic demagnetization refrigerator. The sample holder is placed in a light tight box [6] , surrounded by a cryoperm and a superconducting magnetic shield. The complex transmission is measured using a commercial Vector Network Analyzer, the noise is measured using an Agilent synthetizer coupled to an IQ mixer and the lifetime is obtained through the response to an optical pulse. More details on the setup and the measurements can be found ref [6] .
Design comparison
The magnitude of the complex transmission S 21 measured for the three different designs, at 100 mK and with a readout power of -100 dBm is shown in Fig. 2a . between 4 and 9 GHz. Only few sharp KID dips are visible due to the low frequency band resolution of the sweeps. The result of the same measurement on an aluminum chip is added as a reference for the setup Table 1 Summary of the KID properties obtained for all KIDs: internal quality factor Qi, internal power Pi in dBm, frequency response δx/δNqp, phase S θ and amplitude SR noise at 100 Hz in dBc/Hz, lifetime τ in ms. The frequency response is obtained from the fit at T ≥ 0.2 K of x=(f(T)-f(0))/f(0) versus Nqp(T ) calculated with N0=8.7 × 10 9 eV −1 µm −1 [1] , for more details see ref [6] . transmission: S 21 is flat at 60 dB, corresponding to the system transmission and decreases exponentially above 7 GHz due to one amplifier cutoff. [5] . The Mono chip exhibits an additional frequency dependent reduction of the transmission, up to 15 dB around 7 GHz. On the other hand, the Duo chip curve follow closely the lossless transmission. The KIDmix chip is also close, but shows an unexpected 15 dB reduction in the 7 to 8 GHz region.
In Fig. 2b ., the S 21 transmission of the Mono chip is presented at 100 mK and 500 mK. The S21 reduction due to the impedance mismatch is frequency dependent but also temperature dependent. For comparison, the inset present the temperature dependence of the transmission, between 100 mK and 1.3K for the three chips at the fixed frequency 5 GHz. For the Duo and KIDmix chips, the curve is dominated by the aluminum transmission: the superconducting transition appear at 1.25 K and S 21 is almost temperature independent below 800 mK. In the Mono chip, the TiN superconducting transition is seen at 800 mK and the transmission depends on T even below 300 mK. The fact that the KIDmix transmission is temperature independent shows that the reduction seen between 7 and 8 Ghz is not due to the presence of TiN. Indeed, it has been identified in following experiments to be a parasitic setup reflection present during the measure of the KIDmix chip: it has been cancelled by retightening one coaxial connector on the 4K stage.
This results show that the throughline impedance match the 50 Ohms circuit impedance for the Duo and KIDmix chips.
KID properties
The properties of the microresonators have been measured and analysed following the method described in details in Ref [6] . For each chips, multiples dips have been detected ; the measured frequencies of all KIDs in all chips correspond to the fundamental and first harmonic of the geometric frequencies, shifted by a factor fexp/fg=0.2±0.02. In this study, 5, 13 and 18 KID dips have been fully characterized in, respectively, the Mono, Duo and KIDmix chips.
In the Mono chip, almost all KID dips were asymmetric. This is probably another consequence of the impedance mismatch: the standing waves induce impedance variations near the KIDs coupling arms. It gives rise to an overestimation of the quality factors, but shouldn't affect the determination of the other properties. The mean and best values of the KID properties are summarized in Table 1 for all KIDs of the three designs. They are varying slightly between KIDs on the same chip and we have not seen any clear systematic properties change between the three designs. The mean value for the internal quality factor Q i is 1.8 × 10
5 , which agrees well with the values reported by Vissers et al. [7] on TiN films having both (111) and (100) XRD peaks: our results then support their conclusions on the dependence of Q i with crystalline orientation. The internal powers, calculated for the highest readout power (typically -100dBm) above which an excess noise due to current saturation is observed, are about 10 dB lower than in the case of similar Al KIDs having the same thickness.
On the other hand, the lifetime measured at 100 mK varies widely from one KID to another, even in the same chip. Half of the KIDs (distributed on all the chips) exhibit a lifetime between 0.2 and 0.3 ms, in good agreement with Ref. [1] , but a surprisingly long lifetime has been observed in some KIDs, up to 5.3ms at 100mK. The result of this measurement for the KID #1 having the longer lifetime is presented Fig. 3 . Fig. 3 also shows the temperature dependence of the lifetime for KID #1 and KID #2 having the typical 0.2 ms lifetime at 100 mK. Both curves have a non monotonic temperature dependence, with a maximum value at T ≈ 100 mK ≈ 0.13 T c . Also, both temperature dependences do not follow the Kaplan theory [8] above this value. However, we believe that the relaxation time measured is the actual recombination time because 1) A careful optimization of the setup has been done to screen/absorb straylight and illuminate the superconducting film only [Jochem LTD14], 2) With the same setup, we have measured on a low noise Al KID, a lifetime from the pulse technique in good agreement with the one determined from the fluctuations in the noise spectra [deVissers PRL10], 3) As shown Fig. 3 a very similar lifetime value is obtained from both phase and amplitude data, and is independent of the optical pulse power.
The electrical Noise Equivalent Power is calculated following ref [6] 
